Marked increased expression of cyclooxygenase 2 (COX-2), a prostaglandin-synthesizing enzyme that is pharmacologically inhibited by nonsteroid anti-inflammatory-type drugs, is a major early oncogenic event in the genesis of human colon neoplasia. We report that, in addition to inducing expression of COX-2, colon cancers further target the prostaglandin biogenesis pathway by ubiquitously abrogating expression of 15-hydroxyprostaglandin dehydrogenase (15-PGDH), a prostaglandin-degrading enzyme that physiologically antagonizes COX-2. We find that 15-PGDH transcript and protein are both highly expressed by normal colonic epithelia but are nearly undetectable in colon cancers. Using gene transfection to restore 15-PGDH expression in colon cancer cells strongly inhibits the ability of these cells to form tumors in immune-deficient mice and demonstrates 15-PGDH to have functional colon cancer tumor suppressor activity. In interrogating the mechanism for 15-PGDH expression loss in colon cancer, we determined that colonic 15-PGDH expression is directly controlled and strongly induced by activation of the TGF-␤ tumor suppressor pathway. These findings thus delineate an enzymatic pathway that induces colon cancer suppression, a pathway that is activated by TGF-␤ and mediated by 15-PGDH.
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colon ͉ gastric U p-regulation of cyclooxygenase 2 (COX-2, formally referred to as prostaglandin-endoperoxide synthase 2) expression is an early and key oncogenic event in human colon neoplasia, typifying 85% of colon cancers and 50% of colon adenomas (1) . COX-2 is a cyclic endoperoxidase that catalyzes the rate-limiting step in prostaglandin biosynthesis (1) . Nonsteroidal antiinflammatory drugs (NSAIDs), which include indomethacin, sulindac, and celecoxib, are all COX-2 inhibitors (1), and NSAID agents have been shown to directly shrink the size of colon adenomas in some patients (2) . In mice, genetic inactivation of COX-2 similarly blocks development of murine intestinal adenomas (3) . However, the biochemical activity of COX-2 also has a normal physiologic antagonist in the prostaglandindegrading enzyme 15-hydroxyprostaglandin dehydrogenase , which catalyzes the inactivating NAD ϩ -dependent conversion of the prostaglandin 15-OH to a 15-keto group (4). We were accordingly struck when, in a microarray-based comparison of colon cancers versus normal colon, 15-PGDH emerged as being among the genes most down-regulated in cancer. Moreover, parallel microarray-based studies also identified 15-PGDH as a gene showing among the strongest induction of expression in colon epithelial cells undergoing chronic treatment with TGF-␤, a cytokine mediating a known colon cancer suppression pathway (5, 6) . These observations suggested that colon cancer development may require two cooperating hits, one a dramatic up-regulation of expression of the COX-2 ''oncogene,'' and the other a dramatic down-regulation of an opposing and putative tumor suppressor gene, 15-PGDH. To explore this hypothesis, we embarked on studies to more completely characterize 15-PGDH expression in malignant versus normal colon cells, to determine the relationship between the TGF-␤ pathway and 15-PGDH expression, and to test for the hypothesized colon cancer suppressor activity of 15-PGDH.
Materials and Methods
Human Tissues. All colon tissues were collected under an Institutional Review Board-approved protocol at University Hospitals of Cleveland and underwent histologic review before use. Human tissue histology arrays with matched cancer and patient normal tissues representing gastric, breast, and lung cancers were purchased from Cybrdi (Gaithersburg, MD).
15-PGDH Immunohistochemistry. Briefly, 5-M-thick formalinfixed paraffin-embedded tissue sections were baked at 60°C for 75 min, deparaffinized, and rehydrated. Antigen retrieval was performed by steaming (Black and Decker Flavor Scenter, Handy Steamer HS800, Black and Decker, Hampstead, MD) at 96°C for 5 min in 10 mM citrate buffer (pH 6.0), plus a cool-down period of 20 min. Reduction of peroxidases was accomplished by incubating in 3% H 2 O 2 in water for 30 min at room temperature. Avidin-biotin blocking was performed for 15 min each, followed by nonspecific protein blocking (Serum-Free Protein Block, Dako, Carpenteria, CA) performed for 60 min. Primary antibody was diluted in 1% BSA (Boehringer Mannheim) and incubated overnight at 4°C in humidified chambers. The slides were washed thoroughly, and Protein Block was added again for 30 min. LSABϩ anti-rabbit kit (Dako) was used for development, applying the secondary antibody and horseradish peroxidase-conjugated streptavidin per the manufacturer's instructions. Finally, diaminobenzidine (Dako) was added to the slides for 10 min. All washes were done with TBS (50 mM Tris⅐HCl͞150 mM NaCl, pH 7.6) diluted in deionized water. The sections were then counterstained by using Harris modified hematoxylin stain (Fisher Scientific) for 1 min.
Production of Recombinant 15-PGDH. Recombinant 15-PGDH (rPGDH) protein was encoded from the pBad-Topo vector (Invitrogen) expressed in one-shot bacteria (Invitrogen) and induced by L-arabinose (Sigma). rPGDH was purified with the B-Per 6ϫ His-Fusion Protein Purification Kit (Pierce). Bacteria transformed with an empty pBad vector were put through a parallel purification process to yield a bacterial control lysate. Blocking of anti-15-PGDH sera was performed by adding 2 mg of rPGDH protein or an equal amount of bacterial control lysate to antibody followed by rotation at room temperature for 2 h.
Northern Hybridization. Ten micrograms of total RNA was separated on a 1% formaldehyde agarose gel, transferred to Nytran SuPerCharge (Schleicher & Schuell), and hybridized in ExpressHyb Buffer (Clontech) to a 15-PGDH-coding cDNA probe labeled with 32 P-dATP (Strip-EZ DNA labeling kit; Ambion, Austin, TX). The blot was exposed to a phosphor screen and visualized by using a STORM optical scanner (Molecular Dynamics).
Real-Time PCR. cDNA was reverse transcribed with AMV reverse transcriptase (Roche Applied Sciences). Detection of mature spliced 15-PGDH by real-time PCR used PCR amplification primers 5Ј-TGCT TCA A AGCATGGCATAG-3Ј and 5Ј-AACAAAGCCTGGACAAATGG-3Ј, respectively, located in 15-PGDH exons 5 and 6, and a fluorogenic hybridization probe 5ЈFAM-CTCAGCAGCGTTGGCTGCTAATCTTA-BHQ-3Ј detected in an Icycler optical module (Bio-Rad). A 25-l reaction mix contained 300 nM primer and 250 nM probe in 1ϫ Supermix (Bio-Rad). Thermal cycling was initiated at 95°C for 3 min, followed by 50 cycles of 95°C for 15 sec and 60°C for 1 min. ␤-2-Microglobulin (B2M) was amplified and detected by using human B2M TaqMan predeveloped assay reagents (Applied Biosystems), with PCR initiated at 95°C for 10 min, followed by 50 cycles of 95°C for 15 sec and 60°C for 1 min. The level of mature 15-PGDH RNA was determined as the ratio of 15-PGDH͞B2M ϭ 2 exp (CT B2M -CT PGDH ).
For detection of the nascent unspliced 15-PGDH RNA, nuclear RNA was prepared by using a PARIS kit (Ambion), treated with RQ1 DNase (Promega) per the manufacturer's protocol, and reverse transcribed. A product specific for the unspliced 15-PGDH transcript was amplified with primers 5Ј-TTTATTGTTTGTCCGTCTATTTCGTGAGC-3Ј and 5Ј-ACACCTGCTTCAAGATTCCAATCCAC-3Ј, located, respectively, in intron 1 and exon 2. A product specific for the unspliced GAPDH transcript was amplified with primers 5Ј-AAAGGGC-CCTGACAACTCTT-3Ј and 5Ј-GGTGGTCCAGGGGTCT-TACT-3Ј (14) located in the introns flanking GAPDH exon 9. PCR amplifications were performed by using IQ SYBR Green Supermix (Bio-Rad), according to the manufacturer's protocol. Thermal cycling was initiated at 95°C for 5 min, followed by 50 cycles of 95°C for 15 sec, 63.8°C for 30 sec, and 72°C for 30 sec. No amplified product was detected from negative control RNA samples to which reverse transcriptase was not added.
Western Blot Analysis. Cell lysates prepared in RIPA buffer (Upstate Biotechnology, Lake Placid, NY) (50 mM Tris⅐HCL͞1% Nonidet P-40͞0.25% Na-deoxycholate͞150 mM NaCl͞1 mM EDTA͞1 mM PMSF) supplemented with protease inhibitor mixture (Roche Applied Sciences) were separated on 12% SDS͞PAGE Ready Gels (Pierce) (30 g per lane) and transferred to Immobilon poly(vinylidene difluoride) membrane (Millipore). The blots were blocked with 5% milk, probed with anti-PGDH antibody at a 1:10,000 dilution and with anti-␤-actin antibody at a 1:100,000 dilution, developed by using horseradish-peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch), visualized by using an Enhanced Chemiluminescence Plus detection kit (Amersham Biosciences), following the manufacturer's instructions, and then scanned on a PhosphorImager (Molecular Dynamics).
Assay of 15-PGDH Enzyme Activity. Crude homogenates were prepared by sonicating the cells or tumor tissue in 1 ml of 50 mM Tris⅐HCl, pH 8.0, with 0.1 mM DTT, followed by centrifugation at 13,000 ϫ g for 10 seconds in a tabletop microfuge. The clarified supernatants were then assayed for 15-PGDH activity, as described (15).
Ki67
Immunofluorescence. FET cells were fixed with cold methanol for 15 min at Ϫ20°C, blocked with 10% goat serum for 15 min, incubated with 1:200 diluted KI-S5 rabbit anti-Ki67 polyclonal antibody (Dako) at 4°C, followed by incubation with a 1:400 dilution of FITC-conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch).
15-PGDH Expression Vectors.
A wild-type 15-PGDH cDNA was amplified from normal colon cDNA by using PCR primers 5Ј-CAGCAGTGGCTGCACCATG-3Ј and 5Ј-ATTTGTGCT-TATTTTCAGCTATGGC-3Ј and cloned into a pcDNA6 expression vector (Invitrogen) to yield pcDNA6-Wt-PGDH. In addition, two missense mutations (Y151L and K155E) were introduced by site-directed mutagenesis to generate pCDNA6-Mu-PGDH, encoding a control enzymatically inactive 15-PGDH. In addition, 6.3 kb of genomic DNA surrounding the PGDH promoter was subcloned into the PGL3 (Promega) luciferase reporter vector system to assay for elements conferring TGF-␤ regulation on the PGDH core promoter.
15-PGDH Stable Transfections.
Vaco-400 colon cancer cells were transfected with pcDNA6-empty vector or expression vectors encoding wild-type (pcDNA6-Wt-PGDH) or mutant (pcDNA6-Mu-PGDH) 15-PGDH by using effectine (Qiagen, Valencia, CA) according to the manufacturer's protocol. Stable clones were selected by growth in 10 g͞ml blasticidin with individual colonies isolated by using cloning rings. Colonies arising from control empty vector transfections were pooled. In vitro growth curves of transfected cells were generated by plating 2,000 cells per well on 12-well plates and counting 3 wells from the plates every other day.
Tumorigenesis Assays. Cells from exponentially growing cultures were injected s.c. behind the anterior forelimb of 5-to 6-week-old BALB͞c athymic mice at an inoculum of 5 ϫ 10 6 cells per site.
Tumors arising were measured externally at weekly intervals by using calipers with tumor volume determined as V ϭ (L ϫ W 2 ) ϫ 0.5, where L is the largest dimension, and W is the largest dimension perpendicular to L. Growth curves were plotted from determinations of the mean volume of xenograft tumors arising from 10 replicate injections.
Results

15-PGDH Is Expressed in Normal but Not Malignant Colonic Epithelium.
15-PGDH expression in normal and malignant colon epithelium was initially characterized by assay on GeneChip expression microarrays. Notably, in 38 colon cancer samples, median 15-PGDH expression was at an undetectable level and was at least 17-fold below the median expression in normal colon (Fig. 1A) . In contrast, 15-PGDH was reproducibly well expressed in each of 21 samples of control normal colon epithelium (Fig. 1 A) . Loss of 15-PGDH expression was similarly detected in early localized cancers and in advanced metastatic cases (respectively, Dukes' stages B, C, and D) (Fig. 1 A) . Analysis of an independent set of 20 new colon cancers by using real-time PCR confirmed an average 10-fold loss of PGDH expression in cancers versus matched normal colon, with marked loss exhibited by 18 of the 20 tumors (Fig. 1B) . Northern analysis also demonstrated a similar loss of PGDH transcript expression among colon cancers (Fig. 7 , which is published as supporting information on the PNAS web site).
To determine the origin of 15-PGDH expression in normal colon mucosa, we performed 15-PGDH immunohistochemistry (13) . In multiple normal colon samples, 15-PGDH protein proved reproducibly expressed by epithelial cells located at the upper reaches and luminal surface of the colonic crypts, regions where colonocytes are nondividing and about to undergo apoptosis ( Fig. 2 and Fig. 8 , which is published as supporting information on the PNAS web site) (5) . Specificity of staining was demonstrated by complete blocking of immunostaining by recombinant 15-PGDH protein (Fig. 8) and by anti-15-PGDH antibody detecting only a single correctly sized protein band on Western analysis of normal colon (Fig. 6) . Staining for Ki-67 (Fig. 8) showed a clear demarcation between proliferating Ki-67 positive cells at the crypt base and 15-PGDH positive cells at the crypt surface.
In marked contrast to the findings in normal colon mucosa, dramatic loss of PGDH protein was evidenced in 16 of 17 colon cancer cases, in which cases immunostainable 15-PGDH was essentially absent (Fig. 2) . In each of these cases, 15-PGDH expression was well detected in immunostaining of the patients' matched normal colonic mucosa (Fig. 2) . Similar dramatic loss of 15-PGDH expression was also evidenced on immunohistochemical assay of human gastric cancers, with 10 of 13 gastric cancers showing absences of 15-PGDH protein expression, although robust 15-PGDH immunostaining was present in each patient's normal gastric mucosa. (Fig. 9 , which is published as supporting information on the PNAS web site). In contrast, immunostaining of lung adenocarcinomas showed that the known expression of 15-PGDH by normal lung tissue was uniformly well maintained by these lung cancers (Fig. 10 , which is published as supporting information on the PNAS web site). Thus, loss of 15-PGDH expression appears to be particularly characteristic to human gastrointestinal cancers. reduction relative to normal colon mucosa as had been noted in colon cancer tumor tissues (data not shown), a finding that was further verified by real-time PCR (Table 1 , which is published as supporting information on the PNAS web site). Nonetheless, a 15-PGDH transcript, expressed at a very low level, could be recovered by RT-PCR amplification from these colon cancer cell lines. On sequencing, these transcripts proved to be wild-type in all cases.
One clue to the mechanism for near absence of 15-PGDH expression in colon cancers came from parallel studies, in which we identified strong PGDH induction in nonmalignant colon cells treated with TGF-␤, a cytokine mediating a tumor suppressor signaling pathway that colon cancers commonly inactivate, for example, by mutations in TGF-␤ RII receptors or downstream Smad signaling elements (5, 11, (16) (17) (18) (19) . Using expression microarrays, we initially observed a Ͼ12-fold induction of 15-PGDH in nontransformed Vaco-330 colon epithelial cells after chronic 72-hour exposure to TGF-␤ (Fig. 11 , which is published as supporting information on the PNAS web site). Northern analysis confirmed that 15-PGDH transcripts, of previously described 3.4-and 2.0-kb sizes (20) , were undetectable in control Vaco-330 cells but became well detected in cells treated with TGF-␤ for 48 or 72 h (Fig. 3A) . To determine the generality of TGF-␤ regulation of 15-PGDH in colonocytes, we reactivated TGF-␤ signaling in a colon cancer cell line, Vaco-410, in which somatic mutation had inactivated the endogenous TGF-␤ RII (16) . Whereas the Vaco-410 colon cancer cells lacked 15-PGDH expression, Vaco-410 cells transfected with a wild-type RII gene regained a strong induction of 15-PGDH upon TGF-␤ treatment (Fig. 3B) . Finally, we demonstrated TGF-␤-regulated 15-PGDH in a third model, FET, a nontumorigenic colon cancer cell line that has retained TGF-␤ responsiveness and that exhibits TGF-␤ autocrine activity (21) . Real-time PCR-demonstrated FET cells express a basal level of 15-PGDH transcript, which further increased by 5-to 6-fold over baseline upon 24-or 48-h exposure to exogenous TGF-␤ (Fig. 3C) . TGF-␤ induction of 15-PGDH mRNA was accompanied by similar increases in 15-PGDH protein (Fig. 3D) and by a similar 6-fold increase in 15-PGDH enzyme activity (Fig. 3E) . Thus, TGF-␤ induction of 15-PGDH is reproducible across multiple colon cell line models and results in increased 15-PGDH transcript, protein, and enzymatic activity.
PGDH Is a Direct Target of the TGF-␤ Signaling Pathway.
To determine the kinetics of 15-PGDH induction by TGF-␤ and to examine whether induction was at the transcriptional level, we used real-time PCR to measure levels of nascent unspliced nuclear 15-PGDH mRNA. This approach in part reflected technical difficulties with assay of 15-PGDH transcription by using nuclear run-ons. Unspliced nascent RNAs generally exhibit a short half-life, and hence alterations in their level provide surrogate measures of changes in gene transcription rates (22) . Induction of unspliced 15-PGDH transcript could be demonstrated as early as 3 h after TGF-␤ addition to FET cells, with nascent transcript increased by 2-fold (Fig. 4A) . Induction of unspliced 15-PGDH transcript increased to nearly 6-fold by 8 h of TGF-␤ treatment. This suggests a similar 6-fold TGF-␤-induced increase of 15-PGDH transcription rates, which would fully account for the 6-fold TGF-␤-induced increase that mature spliced 15-PGDH transcript attains at 18 h (Fig. 4B) . The slower kinetics of accumulation of the mature 15-PGDH transcript is consistent with this transcript having relatively slow turnover, suggesting a message half-life of Ϸ5 h.
TGF-␤ induction of 15-PGDH transcript proved equally robust in cycloheximide-treated FET cells as in untreated controls (Fig. 3F) . Thus 15-PGDH transcript is induced as a direct target of the TGF-␤ signaling pathway, without the need for intermediate protein synthesis. As described for other transcripts (23), cycloheximide induced a modest increase in 15-PGDH mRNA (Fig. 3F) , which did not, however, interfere with our ability to assay the dominant TGF-␤-induced increased expression. We attempted to identify a TGF-␤ response element by using the pGL3 luciferase reporter system to assay a region, extending 6 kb upstream of the transcription start site plus downstream through the first exon and first intron, for elements able to convey TGF-␤ up-regulation to the 15-PGDH core promoter. These studies were unrevealing, suggesting this putative element is likely located at some distance from the 15-PGDH core promoter.
Finally, we examined whether 15-PGDH induction requires TGF-␤ signaling or might simply be a marker of nonproliferating colonic epithelial cells. Whereas 15-PGDH expression was well induced in FET cells growth arrested by TGF-␤ (Fig. 5 , lane 2 versus lane 1), 15-PGDH was not induced in FET cell growth arrested by serum deprivation (Fig. 5, lane 3) . Moreover, cell growth arrested by serum deprivation could robustly induce 15-PGDH upon further treatment with TGF-␤ (Fig. 5, lane 4) .
Tumor Suppressor Activity of 15-PGDH. The enzymatic activity of 15-PGDH as a COX-2 antagonist, plus the observed loss of 15-PGDH expression in colon cancer, suggested that 15-PGDH might have tumor suppressor activity. To test this hypothesis, we used stable transfection to reconstitute 15-PGDH expression in Vaco-400 colon cancer cells, in which TGF-␤ signaling is inactivated due to somatic mutation of TGF-␤ RII (16) . Cells were transfected with an expression vector encoding a wild-type 15-PGDH, with a control vector encoding an enzymatically inactive doubly mutant 15-PGDH (Y151L, K155E) (24), or with a control empty expression vector. Transfected clones expressing wild-type PGDH were reconstituted to levels of protein and enzyme activity that ranged from one-third to one-half that of normal colonic mucosa (Fig. 6A) . Control mutant 15-PGDH transfected clones expressed 15-PGDH protein at levels comparable to wild-type transfectants. However, control clones bearing either mutant 15-PGDH or an empty expression vector displayed Ͻ1% of the 15-PGDH enzyme activity of normal colon epithelium (Fig. 6A) . Although wild-type 15-PGDH transfected clones were reconstituted to levels below normal colon, these cells still proved to be markedly suppressed in their capacity to form tumors when injected into athymic mice (Fig.  6B) . Whereas each control clone produced tumors in 100% of injected mice, two of the four wild-type 15-PGDH reconstituted clones showed essentially no tumor formation, and the remaining two clones showed marked suppression of tumor formation relative to controls (Fig. 6B and Fig. 12 , which is published as supporting information on the PNAS web site). Moreover, the few xenograft tumors that did arise from 15-PGDH-transfected Vaco-400 cells had all lost 15-PGDH expression. Although wild-type 15-PGDH-reconstituted cells were markedly suppressed in ability to form tumors in athymic mice, they were in cell culture indistinguishable from control mutant 15-PGDH transfectants, both showing similar growth rates and attaining similar cell densities at confluence (Fig. 13 , which is published as supporting information on the PNAS web site). The suppression by 15-PGDH of in vivo tumorigenic growth, but not of growth in cell culture, is consistent with suggestions from several models that the tumor-promoting effect of increased prostaglandin synthesis is principally mediated via increased tumor angiogenesis (25) (26) (27) (28) .
Discussion
Our observations principally identify 15-PGDH as a gene with tumor suppressor activity in human gastrointestinal malignancies. We find 15-PGDH is normally expressed in human gastrointestinal mucosa, and that this expression is lost by malignant colon and gastric epithelial cells. Restoration of 15-PGDH expression in malignant cells strongly suppresses the ability of these cells to grow as tumors in athymic mice. These findings, moreover, show that human gastrointestinal cancers multiply target the pathway regulating prostaglandin biogenesis and demonstrate not only increased expression of the COX-2 prostaglandin synthesizing ''oncogene'' but also marked loss of expression of the 15-PGDH prostaglandin degrading the ''tumor suppressor'' gene. The importance of this pathway was initially recognized by the finding of increased COX-2 expression in colon adenomas and colon cancers (1) and by the demonstration that genetic disruption of COX-2 rendered mice resistant to colon tumor induction by APC mutations (3). Moreover, pharmacological inhibition of COX-2 was shown to shrink precancerous colon adenomas in humans (2) and to suppress the ability of selected colon cancer cell lines to grow as tumors in athymic mice (29) . Future studies will now be warranted to explore the potential that the ''second hit'' to the prostaglandin synthetic pathway provided by loss of the 15-PGDH activity could provide a mechanism for tumor progression or a mechanism for colon cancers becoming generally resistant to drugs that partially inhibit COX-2.
The finding that TGF-␤ strongly induces colonic 15-PGDH demonstrates an unsuspected negative regulation of prostaglandin biogenesis by TGF-␤. TGF-␤ mediates a potent tumor suppressor activity in gastrointestinal cancers, and these tumors commonly target TGF-␤ signaling for genetic inactivation by mutations in type II TGF-␤ receptors or in Smad signal transducing elements (5, 11, (16) (17) (18) (19) 30) . The potency of TGF-␤-mediated tumor suppression likely reflects the induction by TGF-␤ of several complementary negative regulators of tumor growth, including p15, p21, and possibly DEC1, as well as TGF-␤-mediated suppression of c-Myc (31) (32) (33) (34) (35) . The findings of this study suggest that the TGF-␤-mediated induction of 15-PGDH and crosstalk between the TGF-␤ and prostaglandin pathways may represent a significant additional effector of TGF-␤-mediated suppression of cancer in the gastrointestinal tract, a tissue in which this tumor suppressor pathway is particularly robust. Indeed, the ubiquitous loss of 15-PGDH expression among colon cancers is a bioassay supporting that inactivation of the TGF-␤ signaling pathway is also ubiquitous among human colon cancers in vivo.
In sum, these findings delineate the presence in human gastrointestinal cells of a physiologic enzymatic tumor suppressor pathway that is activated by TGF-␤ and mediated by 15-PGDH.
